Hepatocellular carcinoma (HCC) is one of the most common malignant tumours of the liver. It is the sixth most common malignancy worldwide and the third cause of cancer-related mortality ([@bib26]; [@bib11]). However, the origin and development of HCC are complex and still obscure. It has been revealed that the altered expression or activity of specific genes, including microRNAs (miRNAs), is involved in the pathogenesis of HCC ([@bib35]; [@bib39]; [@bib43]).

microRNAs (miRNAs) are noncoding endogenous RNA molecules, 20--25 nucleotides in length, that posttranscriptionally regulate gene expression by specifically targeting the 3′untranslated regions (3′UTR) of messenger RNAs (mRNAs) ([@bib1], [@bib2]), thus regulating cell differentiation, development, proliferation, and apoptosis ([@bib7]; [@bib27]; [@bib31]; [@bib25]). Some studies have shown that a variety of miRNAs are involved in cancerogenesis and function as oncogenes or tumour suppressors ([@bib29]; [@bib10]; [@bib17]; [@bib36]; [@bib40]). In a recent report, miR-27a was shown to reverse multiple drug resistance in hepatocellular carcinoma cells by inhibiting the FZD7/*β*-catenin pathway ([@bib8]). miR-133a participates in the MAPK pathway by inhibiting the phosphorylation of ERK and MEK ([@bib37]). The TGF-beta-mediated miR-34a regulates CCL22 to affect the metastasis of hepatitis B virus-positive HCC ([@bib44]).

Additionally, many studies have indicated the close interactions between miRNAs and p53, as well as its involvement in the p53 network at various levels. p53, which is encoded by the *TP53* gene, regulates many genes that are involved in cell cycle progression, DNA repair, apoptosis, and angiogenesis ([@bib14]). p53 was discovered as a tumour suppressor, and extensive studies have been undertaken to investigate its function and its signalling pathway ([@bib6]; [@bib23]; [@bib33]). Within the p53 network, p53 is directly regulated by several miRNAs and, in turn, joins in the regulation of many miRNAs. On one hand, as a transcription factor, p53 directly or indirectly regulates the transcription and maturation of a group of miRNAs to initiate various cellular responses. It was found that p53 could activate the miR-34a family, thus inducing cell apoptosis, cell cycle arrest, and cell aging ([@bib15]). The binding sites for p53 and TATA-binding protein overlap within the miR-17-92 promoter, resulting in the inhibition of miR-17-92 transcription ([@bib42]). On the other hand, miRNAs can regulate the activity of p53 by directly targeting the 3′UTR of its mRNA or by repressing its regulators in the cells. miR-125b and miR-504 was shown to repress p53 expression by directly targeting the 3′UTR of p53 and function in human cell lines ([@bib21]; [@bib16]). Some miRNAs that directly target p53 are, in turn, regulated by p53, thus forming a positive or negative feedback loop in the p53 network; these miRNAs include miR-125b and miR-22, which inhibit the expression of p53, and p53 has been shown to repress the expression of these miRNAs ([@bib5]; [@bib4]), indicating that p53 could increase its expression by suppressing its negative regulators.

Here, we found that miR-1228 promotes cellular proliferation by accelerating the G1 to S phase and the S to G2 phase transitions, and enhances the migration and invasion of HCC cells *in vivo* and *in vitro*. Furthermore, miR-1228 directly targets the p53 3′UTR, resulting in the downregulation of p53 mRNA and protein expression. Because p53 also acts as a transcription factor, we determined whether miR-1228 was a potential target of p53. Interestingly, we found that miR-1228 is located in an intron of the low-density lipoprotein receptor-related protein-1 (LRP1) gene, and discovered that p53 suppressed the promoter activity of miR-1228. Thus, we concluded that miR-1228 participates in a p53-positive feedback loop in HCC cell lines. Moreover, as an important component of the p53 network, inhibiting the expression of miR-1228 resulted in the accumulation of p53 expression. This study adds another layer of complexity to the p53 network in HCC and provides insight into the cancerogenesis of HCC.

Materials and methods
=====================

Cell culture and transfection
-----------------------------

The human nontumourigenic hepatocyte cell line LO2 and hepatocelluar carcinoma cell lines QGY-7703 and HepG2 were maintained in RPMI 1640 (LO2, QGY-7703) and MEM-*α* (HepG2) (GIBCO). LO2 and QGY-7703 cell lines media was supplemented with 10% foetal bovine serum (while HepG2 used 20% foetal bovine serum), 100 IU ml^−1^ of penicillin and 100 *μ*g ml^−1^ of streptomycin, and incubated at 37 °C in a humidified chamber supplemented with 5% CO2. Transfection was performed with Lipofectamine 2000 Reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer\'s protocol.

RNA extract, quantitative reverse transcript--PCR (qRT--PCR), and western blot analysis
---------------------------------------------------------------------------------------

RNAs were isolated using mirVana miRNA Isolation Kit (Ambion, Austin, TX, USA), following the manufacturer\'s instructions. Target genes and controls were analysed by qRT--PCR using SYBR Premix Ex TaqTM (Promega, Madison, WI, USA). Western blot was used to detect protein. Details can be found in the [Supplementary Material](#sup1){ref-type="supplementary-material"}.

Promoter sequence prediction
----------------------------

We chose the highly repetitive sequence using the FirstEF, Promoter 2.0 Prediction Server, Berkeley Drosophila Genome Project Neural Network Promoter Prediction, and Promoter Scan programs.

miRNA target prediction
-----------------------

The analysis of miR-1228 predicted targets was performed using the TargetScan, PicTar, and miRBase Targets([@bib12]).

Vector construction
-------------------

We constructed the miR-1228 expression vector (pcDNA3/pri-miR-1228), enhanced green fluorescent protein (EGFP) reporter plasmid with the wild-type p53 mRNA 3′UTR (pcDNA3/EGFP-p53-3′UTR) and with the mutated miR-1228 binding site (pcDNA3/EGFP-p53-3′UTR mut.), pGL3-Basic-luc^+^ with the 866 bp and 1546 bp miR-1228 promoter regions (LRP1/miR-1228-p866 or LRP1/miR-1228-p1546) and the mutant vector LRP1/miR-1228-mut. All the details of construction can be found in the [Supplementary Material](#sup1){ref-type="supplementary-material"}.

Luciferase reporter assay
-------------------------

The cells were seeded in a 48-well plate for 48 h after transfection with the two miR-1228 promoter reporter constructs, negative control vector containing the *Renilla* luciferase pRL-TK, or the positive control pGL3-control/luciferase vector to monitor which construct had the highest activity. The cells were then transfected with the miR-1228 promoter reporter construct or the mutant construct, along with shR-p53 or pcDNA3-p53 and their controls. Details can be found in the [Supplementary Material](#sup1){ref-type="supplementary-material"}.

Enhanced green fluorescent protein reporter assay
-------------------------------------------------

QGY7703 cells were cotransfected in 48-well plates with the reporter vector pEGFP-P53-3′UTR or pEGFP-P53-3′UTR-mut and pcDNA3/pri-miR-1228, pcDNA3, ASO-miR-1228 or ASO-NC, respectively. The vector pDsRed2-N1 (Clontech, Mountain View, CA, USA) expressing RFP was used as the internal control. After transfection for 48 h, cells were lysed using RIPA lysis buffer (150 m[M]{.smallcaps} NaCl, 50 m[M]{.smallcaps} Tris--HCl, pH 7.2, 1% Triton X-100, and 0.1% SDS) 200 *μ*l per well. The intensities of EGFP and RFP fluorescence were detected with Fluorescence Spectrophotometer F-4500 (HITACHI, Tokyo, Japan).

Detection of cell colony formation
----------------------------------

For cell colony-formation assay, QGY-7703 cells were transfected with pri-miR-1228 and ASO-miR-1228 and controls. Details can be found in the [Supplementary Material](#sup1){ref-type="supplementary-material"}.

Migration and invasion assays
-----------------------------

QGY-7703 cells were transfected with pri-miR-1228, ASO-miR-1228, or the corresponding controls. A 24-well Boyden chamber with an 8 nm pore size polycarbonate membrane (Millicell, Millipore, Merck KGaA, Darmstadt, Germany) was used to analyse the migration and invasion of the tumour cells. For the invasion assay, the membrane was coated with Matrigel (Clontech). Details can be found in the [Supplementary Material](#sup1){ref-type="supplementary-material"}.

Cell cycle analysis by flow cytometry
-------------------------------------

Transfected QGY-7703 cells were plated in duplicate in 6-well plates and incubated for 24 h in complete culture medium. One group of cells was deprived of serum for 24 h prior to harvest, whereas another group of cells was returned to complete medium for another 24 h before harvest. Details can be found in the [Supplementary Material](#sup1){ref-type="supplementary-material"}.

Immunohistochemistry
--------------------

Tissues were fixed in phosphate-buffered neutral formalin, embedded in paraffin, and cut into 5-*μ*m-thick sections. Tissue sections were deparaffinised, rehydrated, and microwave-heated in sodium citrate buffer for antigen retrieval. The sections were then incubated with 0.3% hydrogen peroxide/PBS for 30 min. Sections were stained with eosin (H&E) and an anti-p53 antibody (Saierbio, Tianjin, China); the p53 antibody was used at a 1:50 dilution and was incubated with the slides overnight at 4 °C. Detection of the p53 antibody was performed using goat anti-rabbit-HRP for 1 h at room temperature and was visualised using DAB substrate.

Clinical HCC specimens
----------------------

Twenty paired human HCC and adjacent nontumour liver tissues were collected from the Cancer Center of Sun Yat-sen University of Medical Science. The samples, including the human liver tumour and adjacent nontumour tissue, were obtained from patients undergoing hepatectomy for HCC in accordance with the ethical standards of the institutional committee.

Statistical analysis
--------------------

The data are reported as the mean±s.d. of at least three times of independent experiments with the double-sided Student\'s *t*-test. A *P* value of less than 0.05 was considered significant.

Results
=======

miR-1228 promotes the growth of HCC cells and accelerates the G1/S and S/G2 phase transitions
---------------------------------------------------------------------------------------------

To determine the impact of miR-1228 on the growth of HCC cells, we constructed a miR-1228 plasmid and used qRT--PCR to confirm the expression of pri-miR-1228 and ASO-miR-1228 (2\'-O-methyl-modified antisense oligonucleotide of miR-1228). The levels of miR-1228 increased approximately 1.8-fold and 2-fold in QGY-7703 and HepG2 cells transfected with pri-miR-1228, respectively, compared with the control vector ([Figure 1A](#fig1){ref-type="fig"}). In contrast, the levels of miR-1228 in the ASO-miR-1228-treated cells decreased by 60% (QGY-7703) and 70% (HepG2) compared with transfection with the scrambled oligomer (ASO-NC) ([Figure 1A](#fig1){ref-type="fig"}). Then, the QGY-7703 and HepG2 cells were transfected with pri-miR-1228 and ASO-miR-1228 to explore the effects of miR-1228 on cell growth using a colony-formation assay. The results showed that the colony-formation rates of the QGY-7703 cells transfected with pri-miR-1228 were increased by approximately 70%--100% over those of the control groups, whereas inhibiting miR-1228 expression decreased the colony-formation rates by approximately 50% compared with the control groups ([Figure 1B](#fig1){ref-type="fig"}). Similar results were observed in the HepG2 cells, as shown in [Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}.

To investigate the mechanisms underlying the regulation of cell growth, we examined the alterations in cell cycle progression caused by miR-1228 in the HCC cells. Flow cytometry analysis showed the effects of miR-1228 on cell cycle progression ([Figure 1C](#fig1){ref-type="fig"}). The overexpression of miR-1228 in QGY-7703 cells increased the percentage of cells in the G2/M phase from 15.57% to 19.04% and decreased the percentage of cells in the G1/G0 phase from 60.21% to 52.02% ([Figure 1D](#fig1){ref-type="fig"}). The proliferation index of the pri-miR-1228-treated cells was apparently higher than that of the negative control ([Figure 1E](#fig1){ref-type="fig"}). In contrast, inhibition of miR-1228 by ASO in QGY-7703 cells led to an increase in the percentage of cells in the G1/G0 phase from 58.53% to 65.18% and a decrease in the percentage of cells in the G2/M phase from 15.75% to 10.84% ([Figure 1D](#fig1){ref-type="fig"}). The proliferation index of the miR-1228 ASO-treated QGY-7703 cells was decreased compared with the ASO control ([Figure 1E](#fig1){ref-type="fig"}). These results indicate that miR-1228 contributes to cell growth by accelerating the G1 to S phase and the S to G2 phase transitions in human HCC cells.

miR-1228 promotes migration/invasion and metastasis *in vitro* and *in vivo*
----------------------------------------------------------------------------

To determine whether miR-1228 could affect cell migration/invasion and the metastasis of HCC, we performed transwell assays without Matrigel to analyse cell motility, and the cell invasion ability was examined using transwell assays with Matrigel. The migration and invasion capacities of QGY-7703 cells transfected with pri-miR-1228 were increased by approximately 1.1- and 0.75-fold, respectively, whereas transfection with ASO-miR-1228 reduced these capacities by approximately 80% and 70%, respectively, when compared with the controls ([Figure 2A and B](#fig2){ref-type="fig"}). Similar results were observed in the HepG2 cells, with an increase in the pri-miR-1228-transfected cells by approximately 0.55- and 0.8-fold and a decrease in the ASO-miR-1228-transfected cells by 25% and 50% compared with the control groups ([Supplementary Figure S1B](#sup1){ref-type="supplementary-material"} and C), indicating that miR-1228 promoted both the migration and invasion of HCC cells *in vitro*.

We next explored the role of miR-1228 in HCC metastasis *in vivo*. We obtained QGY-7703 pooled clones (QGY-7703/miR-1228 cells) that stably expressed higher levels of miR-1228 through G418 screening. The qRT--PCR analysis showed that miR-1228 expression increased by approximately 4.5-fold in the QGY-7703/miR-1228 cells compared with the QGY7703/pcDNA3 cells ([Figure 2F](#fig2){ref-type="fig"}, left). Next, the QGY-7703/miR-1228 cells and control pooled clones were transplanted into the upper poles of the spleen in nude mice. After 4 weeks, the spleens and livers were harvested ([Figure 2C](#fig2){ref-type="fig"}). In the respective groups of six nude mice, local cancers developed in the spleens of all of the mice, as shown by H&E staining ([Figure 2E](#fig2){ref-type="fig"}), which also indicated the success of the mice xenograft metastasis model. Metastasis nodules on the liver surface were detected in the six mice of the QGY 7703/miR-1228 cell group, but were only detected in one mouse in the QGY7703/pcDNA3 cell group ([Figure 2C](#fig2){ref-type="fig"}). The average number of metastatic nodules in the liver was dramatically increased, around six-fold ([Figure 2D](#fig2){ref-type="fig"}), in the groups with ectopic expression of miR-1228 ([Figure 2F](#fig2){ref-type="fig"}, right) compared with the control groups. Immunohistochemistry staining showed that p53 expression was reduced in the metastasis nodules derived from the QGY-7703 cells overexpressing miR-1228 compared with the control group ([Figure 2G](#fig2){ref-type="fig"}).

miR-1228 targets *p53* and negatively regulates its expression
--------------------------------------------------------------

miRNAs can potentially target multiple genes to elicit various phenotypes. To determine the target genes that mediate the effects of miR-1228 in HCC, we used bioinformatics analyses to determine that the p53 transcript has a putative miR-1228 binding site in its 3′UTR ([Figure 3A](#fig3){ref-type="fig"}). p53 was previously reported to suppress HCC proliferation ([@bib24]) and mobility ([@bib19]), and negatively regulate cell cycle ([@bib22]) progression. Thus, we chose *p53* as a candidate target gene of miR-1228 and investigated the interactions between miR-1228 and p53 mRNA.

First, we verified the effectiveness of shR-p53 and pcDNA3-p53 ([Supplementary Figure S2A and B](#sup1){ref-type="supplementary-material"}) and examined the negative regulation of p53 on the proliferation ([Supplementary Figure S2C and D](#sup1){ref-type="supplementary-material"}), migration, and invasion ([Supplementary Figure S3A-D](#sup1){ref-type="supplementary-material"}) of QGY-7703 and HepG2 cells. To explore a direct interaction between miR-1228 and the 3′UTR of the *p53* transcript, we performed EGFP reporter assays and found that co-transfection of the wild-type 3′UTR of *p53* with pri-miR-1228 reduced the EGFP intensity by approximately 35%, whereas transfection with ASO-miR-1228 caused an increase by 40% compared with the controls ([Figure 3B](#fig3){ref-type="fig"}). However, neither pri-miR-1228 nor ASO-miR-1228 had a significant effect on the EGFP reporter with the *p53* 3′UTR that contained a mutant miR-1228 binding site ([Figure 3B](#fig3){ref-type="fig"}).

Western blot and qRT--PCR analyses were used to examine the effect of miR-1228 on endogenous p53 expression. Ectopic expression of miR-1228 decreased the amount of p53 mRNA by 40-- 60% ([Figure 3C](#fig3){ref-type="fig"}) and of p53 protein by 30--40% ([Figure 3D](#fig3){ref-type="fig"}) in both the QGY-7703 and HepG2 cells compared with the control group. Opposite effects were observed in the ASO-miR-1228-transfected cells at both the protein and mRNA levels ([Figure 3C and D](#fig3){ref-type="fig"}).

To explore the correlation between miR-1228 and p53 in HCC tissue, we examined 20 paired clinical specimens using qRT--PCR analysis. Compared with the adjacent nontumour tissues, miR-1228 was upregulated in seven tumour tissues, in which p53 was downregulated ([Figure 3E](#fig3){ref-type="fig"}). Then, we did the correlation analysis and found out miR-1228 and p53 had negative correlation in the 20 pairs primary HCCs ([Figure 3E](#fig3){ref-type="fig"}). We also detected the expression levels of miR-1228 and p53 in the QGY-7703 and HepG2 HCC cell lines and the immortalised normal hepatic LO2 cell line ([@bib9]). The miR-1228 expression level was upregulated in the QGY-7703 and HepG2 cells, whereas the p53 protein level was downregulated compared with the LO2 cells ([Figure 3F](#fig3){ref-type="fig"}). These results indicate that the expression of miR-1228 has an inverse relationship with p53 expression.

Restoration of p53 abrogates the effects induced by miR-1228 in HCC cells
-------------------------------------------------------------------------

Furthermore, to confirm that miR-1228\'s effect on HCC cells is due to its regulation of p53, we designed a series of experiments to determine whether the ectopic expression of p53 could counteract the proliferation and invasion of HCC cells caused by miR-1228. First, qRT--PCR and western blot analyses showed that p53 expression in HCC cells overexpressing miR-1228 was restored by co-transfection with pcDNA3-p53 compared with transfection with the control vector ([Figure 4A and B](#fig4){ref-type="fig"}). The miR-1228-mediated promotion of colony formation in the QGY-7703 ([Figure 4C](#fig4){ref-type="fig"}) and HepG2 ([Supplementary Figure S4A](#sup1){ref-type="supplementary-material"}) cells was abolished by the ectopic expression of p53. Moreover, the migration and invasion capacities that were enhanced by miR-1228 expression in the HCC cells were also counteracted by transfection with pcDNA3-p53 ([Figure 4D and E](#fig4){ref-type="fig"}). Similar results were observed in the HepG2 cells ([Supplementary Figure S4B and C](#sup1){ref-type="supplementary-material"}). These results demonstrate that p53 is the mediator of the miR-1228-promoted cell proliferation and motility in HCC cells.

p53 inhibits the promoter activity of miR-1228 and negatively regulates miR-1228 expression in HCC cells
--------------------------------------------------------------------------------------------------------

According to the bioinformatics analysis, we found that pri-miR-1228 is located in intron 49 of its host gene, *LRP1* ([Figure 5A](#fig5){ref-type="fig"}), which has been shown to be important in liver metabolism ([@bib3]). We predicted several putative p53-binding sites in the promoter region of *LRP1*. p53 is an important transcription factor that contributes to miRNA expression regulation ([@bib30]). Thus, we speculated that p53 may regulate miR-1228 and its host gene *LRP1*. To examine this possibility, the gain and loss of p53 functions were used to study its influence on miR-1228 and *LRP1*. As shown in [Figure 5B and C](#fig5){ref-type="fig"}, the overexpression of p53 reduced the mRNA levels of both miR-1228 and *LRP1* by approximately 40%, whereas depletion of p53 resulted in increased mRNA levels of three-fold or five-fold in the QGY-7703 cells, respectively, which suggested that miR-1228 and its host gene *LRP1* might be transcribed from the same promoter. To further confirm that p53 may regulate the expression of miR-1228 and *LRP1*, two fragments, one from −1328 bp to 218 bp and another one from −1328 bp to −462 bp upstream of the 5\'UTR, were amplified from the putative promoter region using PCR and were cloned into the pGL3-Basic-luc^+^ vector (LRP1/miR-1228-p1546 and LRP1/miR-1228-p866) ([Figure 5A](#fig5){ref-type="fig"}). Additionally, we made mutant constructs in which the putative p53-binding sites in LRP1/miR-1228-p866 or p1546 were altered (LRP1/miR-1228-mut) ([Figure 5D](#fig5){ref-type="fig"}). Luciferase activity in the transfected QGY-7703 cells was then detected using a dual-luciferase reporter assay. As shown in [Figure 5E](#fig5){ref-type="fig"}, the two promoter constructs behaved similarly: both LRP1/miR-1228-p866 and LRP1/miR-1228-p1546 showed luciferase activities that were increased by 33-fold and 23-fold, respectively, compared with the negative control vectors, which indicated that the two fragments possess promoter activity. Therefore, we performed the next experiments using the LRP1/miR-1228-p866 vector. Furthermore, we confirmed that p53 modulated the activity of the cloned promoter of LRP1/miR-1228. As shown in [Figure 5F](#fig5){ref-type="fig"}, the relative luciferase activity of p866 increased to 1.3-fold when co-transfected with shR-p53, but this activity decreased to approximately 65% in the pcDNA3-p53 group compared with the control groups. However, this effect was obviously impaired when cells were co-transfected with the reporter that contained a mutated p53-binding site (LRP1/miR-1228 mut) ([Figure 5F](#fig5){ref-type="fig"}). All together, these results demonstrate that p53 negatively regulates the transcription of miR-1228 and its host gene *LRP1*.

Discussion
==========

It is known that the participation of functional proteins and miRNAs varies in the p53 signalling pathway, making this pathway extremely complex. Previous studies have shown there are many functional downstream genes of p53. It has been reported that p53 can affect cell cycle-related proteins to regulate cell proliferation, such as activating the transcription of p21, p53R2, and GADD45 to suppress the progression of G1 ([@bib32]). Additionally, by downregulating stathmin (Op18) or Lasp1 ([@bib28]; [@bib34]), p53 inhibits the metastasis of HCC cells. In HA22T/VGH and SK-Hep-1 cells, the low expression of PKC alpha leads to high p53 expression, which in turn inhibits the growth, migration, and invasion of these two cell lines ([@bib38]). In BEC-7402 cells, VEGF165 promotes the growth and migration of HCC cells by negatively regulating the expression of p53 ([@bib45]). Therefore, p53 itself not only can be an effector of cell functions but also acts as a transcription factor to regulate its downstream genes. In the present study, we demonstrated that p53 suppresses miR-1228 expression, and the bioinformatics analysis showed that the miR-1228 gene is located in an intron of the *LRP1* gene. Thus, we speculated that p53 may exert its tumour suppressor role by modulating the expression of miR-1228 and its host gene *LRP1*. We cloned and analysed the promoter activity of the predicted promoter fragment for *LRP1* and miR-1228 from HCC cells. Utilizing the gain and loss of function by the ectopic overexpression and depletion of p53, as well as the presence of wild-type and mutant p53 predicted binding sites in the promoter fragment, p53 was shown to be a negative regulator in HCC cells. We also found that p53 expression is generally lower in HCC tissue compared with the adjacent noncancer tissues. It has been previously reported that p53 can repress the miR-17-92 cluster ([@bib42]). Another study showed that although p53 cannot directly bind to the promoter region of RLIM, it can interact with Sp1 and prevent Sp1 binding to RLIM, thus inhibiting the Sp1-mediated transcriptional activation of RLIM ([@bib20]). Thus, downregulation of p53 or p53 mutants may augment the expression of miR-1228 by modulating its promoter activity to contribute to cancerogenesis in HCC. To exert its tumour-suppressing effects, p53 controls the expression of miR-1228, which in turn impairs the expression of p53 and inhibits its tumour-suppressing function. Consequently, when we blocked the expression of miR-1228, p53 was released and enforced the inhibition of miR-1228, thereby promoting the accumulation of p53; however, miR-1228 is upregulated in HCC tissue in which p53 is downregulated, repressing p53 expression to relieve its inhibition on miR-1228 expression in turn, which creates a feedback regulation to ensure persistent low protein levels of p53 to control the malignant phenotype. Additionally, we further detected the mechanisms by which miR-1228 regulates the proliferation of HCC and found that miR-1228 could fasten cell cycle transitions.

Little is known about the functions of miR-1228 in cancer. A recent report showed that miR-1228 expression is high in malignant interstitial cell tumours compared with normal tissue ([@bib13]), and this expression can inhibit stress-induced cellular apoptosis by directly interacting with the MOAP1 protein ([@bib41]). More recently, miR-1228\*, which is the complementary strand of the miR-1228 duplex, but not miR-1228, was found to be minimally expressed in human gastric cancer tissues, and this oligonucleotide inhibits the EMT and negatively regulates the activity of NF-κB, which make miR-1228\* act as a tumour suppressor in gastric cancer ([@bib18]). Here, we identified the functions of miR-1228 in HCC cells. The cell cycle analysis demonstrated that miR-1228 preferentially promotes cell proliferation by speeding the G1/S and S/G2 phage transitions of the cell cycle and promotes migration/invasion *in vitro*; metastasis experiments in an HCC xenograft model demonstrated that miR-1228 facilitates the motility and metastasis of HCC cells *in vivo*. These roles of miR-1228 are contrary to the inherent function of p53 in HCC, and the bioinformatics analysis showed that the p53 3′UTR contains sites that are complementary to the miR-1228 seed sequence, suggesting that p53 is a potential miR-1228 direct target gene. Consequently, we confirmed that p53 is a direct target gene of miR-1228 using an EGFP reporter assay; qRT--PCR and western blot analyses demonstrated the inverse correlation between endogenous p53 and miR-1228 expression in HCC tissues and HCC cell lines. Thus, miR-1228 enhances cancer cell growth and metastasis through the partial downregulation of p53. However, we cannot exclude the possibility that other miR-1228 target genes mediate its effects in HCC.

In sum, our findings showed that miR-1228 may be a member of the p53 network and may interact with p53 at different levels in HCC. The downregulation of p53 results in an increase in the expression of miR-1228; in turn, miR-1228 targets and negatively regulates p53 expression, resulting in a forward feedback loop of p53/miR-1228/p53. This regulatory network suggests that once this feedback loop forms, p53 expression will be maintained at a lower level to contribute to carcinogenesis, which may provide insight into the molecular mechanisms of the p53 signalling network during cancer initiation and development. Additionally, this feedback regulation suggests that miR-1228 may be a valuable biomarker for the development of diagnostic and treatment approaches for HCC.
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![**miR-1228 accelerates the G1 to S and the S to G2 phase transitions and promotes the proliferation of HCC cells.** (**A**) QGY-7703 and HepG2 were transfected with pcDNA3/pri-miR-1228, ASO-miR-1228, or the negative controls, and miR-1228 was detected using qRT--PCR analysis; U6 snRNA was used for normalisation. (**B**) The colony-formation assay in the QGY-7703 cells revealed the relative average colony-formation rate. The colony-formation rate was calculated using the following equation: colony-formation rate=(number of colonies/number of plated cells) × 100%. (**C**) Distribution of cells in three phases (G0/G1, S, and G2/M) of the cell cycle as determined by flow cytometry analysis. (**D**) Cytometric quantification of the experiments described in the chart, showing the proportion of cells in the G0/G1, S, and G2/M phases. (**E**) The proliferation index (PI) was calculated using the following equation: PI=(S+G2)/G1, where S, G2, and G1 are the percentages of cells in the S phase, G2/M phase, and G0/G1 phase, respectively. \**P*\<0.05; \*\**P*\<0.01.](bjc2014593f1){#fig1}

![**miR-1228 promotes the metastasis of HCC cells.** (**A** and **B**) Transwell migration assays were carried out with QGY-7703 cells transfected with either pri-miR-1228 or ASO-miR-1228. Representative fields of the migratory and invasive cells on the membrane are presented. (**C**) A representative picture and table of the tumour nodules in the primary sites (spleen) and metastatic sites (liver) 4 weeks after spleen transplantation. (**D**) The scale bars indicate the clusters of metastatic cells. (**E**) Haematoxylin and eosin staining of the spleens (left) and livers (right) isolated from mice 4 weeks after the ectopic injection of QGY-7703 pooled clones expressing miR-1228 or pcDNA3. The black arrow indicates the HCC tissue of the liver. (**F**) Quantitative RT--PCR was used to detect the expression of miR-1228 in the QGY-7703 pooled clones and tumour nodules of the liver. (**G**) Immunohistochemical (IHC) staining of p53 in the sections of liver tumour formed from pooled clones of QGY-7703 cells expressing miR-1228 or pcDNA3 is also shown. \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001.](bjc2014593f2){#fig2}

![**miR-1228 negatively regulates the expression of p53 by directly targeting its 3′UTR.** (**A**) Sequence alignment of miR-1228 (middle) with the wild-type (WT) (top) and mutated (Mutant) (bottom) 3′UTR of the TP53 gene. The dotted lines indicate the mutated nucleotides. (**B**) The fluorescent reporter vectors (WT, Mutant) were co-transfected with pri-miR-1228 or ASO-miR-1228 into QGY-7703 and HepG2 cells, and the fluorescence intensity of the protein extract was determined. The EGFP fluorescence intensity was normalised to RFP. (**C** and **D**) The mRNA or protein levels of p53 were determined using qRT--PCR or western blot analysis in QGY-7703 and HepG2 cells, respectively. (**E** and **F**) The relative expression level of mature miR-1228 in 20 paired liver tissues, including HCC tissues (CA) and their adjacent noncancerous tissues (N), the HCC cell lines QGY-7703 and HepG2, and the immortalised normal hepatic cell line LO2, were detected using qRT--PCR analysis; U6 snRNA was used for normalisation. p53 mRNA and protein expression was detected using qRT--PCR and western blot analysis using *β*-actin and GAPDH for normalisation, respectively. In the correlation analysis, *r*=−0.4834. \**P*\<0.05; \*\**P*\<0.01.](bjc2014593f3){#fig3}

![**Restoration of p53 abrogates the effects induced by miR-1228 in QGY-7703 cells.** (**A** and **B**) The mRNA and protein levels of p53 were tested using qRT--PCR or western blot analysis in QGY-7703 transfected with the vector shown in the figure. (**C**) The colony-formation assay revealed that the average colony-formation rate of QGY-7703 cells expressing miR-1228 was decreased following expression of p53 without a 3′UTR. (**D**) Ectopic expression of p53 without a 3′UTR decreased the migration of the QGY-7703 cells when miR-1228 was present. (**E**) Similar assays for the cell invasion assay were found in the QGY-7703 cells. \**P*\<0.05; \*\**P*\<0.01.](bjc2014593f4){#fig4}

![**p53 suppresses miR-1228 promoter activity and negatively regulates its expression.** (**A**) The diagram shows the location of pri-miR-1228 and the two fragments of the LRP1 promoter region. (**B**) miR-1228 was detected using qRT--PCR after overexpression or depletion of p53; U6 snRNA was used for normalisation. (**C**) The LRP1 mRNA expression level was also detected using qRT--PCR, and *β*-actin was used to normalise mRNA levels after overexpression or knockdown of p53. (**D**) Two predicted binding sites were mutated, as shown in (**E**), the QGY-7703 cells were transiently transfected with the positive control pGL3-Ctrl-luc+, the negative control pGL3-Basic-luc+, or the LRP1/miR-p866 or p1645 constructs for 48 h, followed by analysis with the dual-luciferase reporter assay. (**F**) The QGY-7703 cells were transiently transfected with LRP1/miR-1228-p866 or LRP1/miR-1228-mut. along with shR-p53 or pcDNA3-p53. \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001.](bjc2014593f5){#fig5}
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